This journal is © The Royal Society of Chemistry 2014 and azides (''click'' reaction (CuAAc)) has emerged as a strategy for the rapid and efficient assembly of molecules with diverse functionality on both laboratory and production scales. [6] [7] [8] [9] Click reactions are modular, tolerant of a wide range of functional groups, simple to perform, insensitive to reaction solvents irrespective to their polar/non-polar or protic/aprotic character. 10, 11 However, in order to enhance the catalytic activity, the presence of a co-catalyst is required such as bases (mainly amines), auxiliary ligands, and oxidizing or reducing agents depending on the used Cu sources (Cu II /Cu 0 ). Furthermore, the recyclability, reusability, and easy removal of the copper catalyst is often severely limited. Therefore, the development of recyclable and stable heterogeneous copper catalysts with improved catalytic activity devoid of any oxidizing/ reducing agents is highly desirable.
Herein, we report a facile and robust approach for the synthesis of highly dispersible, recyclable, and reusable Cu(I) nanoparticles decorated onto graphene nanosheets, useful as a catalyst for ''click'' chemistry without any co-catalyst (Scheme 1). Graphene, a single layer of two-dimensional sp 2 -hybridized carbon has attracted significant research interest due to its unique electrical and thermal conductivity, including exceptional mechanical, optical and chemical properties. [12] [13] [14] In contrast to single layer graphene sheets conveniently prepared by mechanical exfoliation, graphene oxide (GO) and reduced graphene oxide (rGO) 15, 16 are easily available by controlled chemical reactions and can be produced on a large scale. Also due to the presence of functional groups on GO and rGO surfaces, further chemical reaction onto their surfaces is possible. On account of their large surface area, their unique interaction with metal particles, 17, 18 and their performance for electron capture, transport, as well as prevention of supported nanoparticles agglomeration due to their scaffold behaviour, graphene supported catalysts have represented outstanding catalytic activity compared to other carbon supported catalysts. 19 Several reports for the preparation of different metal particles-GO heterostructures and their wide range of applications from photocatalytic hydrogen production to lithium ion batteries have been discussed. 20, 21 Recently, few reports have appeared regarding the preparation of Cu-GO nanoconjugates and their relevance in hydrogen generation, supercapacitors, as well as in other applications. [22] [23] [24] [25] However according to our knowledge their application in CuAAc catalyzed ''click'' chemistry has not been explored yet.
For the preparation of graphene oxide (GO), Hummer's method was applied, 26 whereas ion exchange with Cu 2+ was achieved by dispersing GO in water, 27 followed by addition of copper(II) acetate under vigorous stirring for overnight. Afterwards Cu(II)-GO was reduced under Ar at 600 1C in an oven to obtain TRGO/Cu(I). We first investigated the morphology and chemical composition of our nanoconjugates by TEM, EDX, XPS, and FAAS. Fig. 1a shows the TEM image of TRGO-Cu(I) conjugates, where highly dispersed uniformly sized Cu nanoparticles on the surface of graphene nanosheets were obtained. From the TEM images the average particle size is about 25 nm for Cu particles (Fig. 1b) . HRTEM was performed to measure the lattice plane distance in a single Cu nanoparticle ( Fig. 1c and d) , where 0.2385 AE 0.01 nm as a lattice plane distance was obtained, that could be due to the presence of CuO(110) 28 or Cu 2 O(111), 29 indicative that for the TRGO-Cu conjugates the Cu is in the form of Cu(I) or Cu(II). To confirm the existing form of Cu, quantitation of nanoparticles was also achieved by STEM-EDXS (Fig. S1 , ESI †) indicating that Cu and O are present in a ratio of 68.8 : 31.2 (E2 : 1), which strongly supports that the particles consist of Cu 2 O, and the valency of Cu is Cu(I) as required for their use in ''click'' chemistry. Further evidence of the chemical composition of the nanoconjugates was obtained by X-ray photoelectron spectroscopy (XPS) (Fig. 2a) , where the peaks correspond to C 1s (285.1 eV), O 1s (531.6 eV) and Cu 2p. The high-resolution XPS (Fig. 2b ) reveals that Cu 2p 3/2 peaks located at 932.37 eV and 952.31 eV correspond to the peak energy of Cu(I). 30 Also there are no peak satellites at 942 eV and 962 eV and no peaks at 934.8 eV which would be related to Cu(II). The Cu content of the sample was also determined by analysis on a flame atomic absorption spectroscopy (FAAS) as 7.55 Â 10 À7 mol mg À1 loading.
The catalytic activity of the TRGO/Cu catalyst was investigated in the azide/alkyne click chemistry between benzyl azide and phenyl acetylene under different reaction conditions in high yields (up to 99%) as a model system. Also the model reaction for commercial available Cu on charcoal (Cu/C) 31 and Cu 2 O powder as a reference was done, but a very low click conversion was obtained by these commercial catalysts ( Table 1) . The recyclability of the catalyst was studied using the same alkyne/azide click model reactants. After four repetitions, a reduction (B30%) of the reaction yield was observed (Fig. 3a) , whereas the washing and recycling of the catalyst was accomplished in open air environment, supportive of the stability and recyclability of the synthesized catalyst (Table 1, Fig. 3a) . The reduction of reaction yield after several repetitions could be due to agglomeration of Cu particles, as observed by TEM (Fig. 3b) .
For kinetic investigation, NMR studies have been performed. Therefore aliquots were taken at intervals from the reaction, filtered to remove the catalyst and conversion of the reaction was determined by the resonance of the CH 2 -moiety of benzyl azide (educt) in comparison to the CH 2 -moiety of the click product (Fig. S2, ESI †) . Eqn (1) 32 was used for the kinetic study and
, which was in the same range as those reported previously by Finn et al. 33 using CuSO 4 and sodium ascorbate as catalytic system. Furthermore Table 2 shows the different types of click reactions with different alkynes for TRGO/Cu catalyst, and even with a highly sterically hindered alkyne (entry 3) and linear hydroxy alkynes (entry 4) a high conversion was achieved.
To evaluate the performance of synthesized TRGO/Cu catalyst for bulk click chemistry including high molecular weight molecules, melt rheology was carried out for trivalent azide-and alkyne-functionalized polyisobutylenes (PIBs, M n 5500 g mol À1 and 6900 g mol À1 respectively) (Scheme 2), suitable for crosslinking via ''click'' chemistry at room temperature, being designed for self healing materials. 9 For crosslinking experiments an azide-functionalized trivalent PIB and an alkyne-functionalized trivalent PIB were mixed with the TRGO/Cu catalyst (2 mol%, 0.7 mass%) and crosslinking was investigated on a rheometer plate. Fig. S3a † shows the rheology result of the ''click'' reaction of polymers at 20 1C, where at the beginning of the reaction, the sample clearly possesses liquid like character; the loss modulus is higher than the storage modulus (G 00 4 G 0 ). After some time (520 minutes), both moduli increase and a crossover was observed (gel point), which is indicative of network formation. The structure of polymer-TRGO-Cu mixtures before and after crosslinking was investigated using FT-IR measurements (Fig. S3b, ESI †) , where after crosslinking a complete disappearance of the azide peak (2097 cm
À1
) confirms the complete crosslinking of the polymer. In contrast, in experiments with Cu/C and without catalyst no gel point was observed even after 1000 minutes, which again supports the high activity of the synthesized TRGO/Cu catalyst.
In summary, we have presented a facile and robust approach for the immobilization of Cu(I) catalyst onto graphene nanosheets obtaining a highly active TRGO/Cu(I)-catalyst for the Cu(I)-catalyzed alkyne-azide ''click'' cycloaddition reaction. The TRGO/ Cu-catalyst shows high stability at standard reaction conditions (air) with excellent recyclability and reusability. Furthermore, the TRGO/Cu catalyst shows excellent performance for bulk click reactions as proven via melt-rheology. Thus, Cu nanoparticles immobilized onto graphene nanosheets can function as an effective catalyst in click chemistry under both solvent and bulk conditions, including low and high molecular weight molecules.
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